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¥any works have been devoted to ths study of the deformation of an ice
- cover under various loads. In the basic studios the authors start by

considering the action of static weights (1, 2, 3, 4, 5, 6, 7), whila the
effoot of repid chenged of exterml Corcss is wreatod in only a emald).
nuebor of works. Thus, for example, Engineer Kashkin (8) s using a mechan-
ical recorder, showed that wave vibrations ara produced in an ico sover
aftor & blow from e weight, At tho sume time he csme 1o the conclusion.
that tho effoct of these vihrations'could be disregarded in calsulating
the strongth of the ice. Professor Zubov (9) observed the nerlodic vibra-
tions that ocourred when a 70-ton load traveled along the ice, Noting the
wave mature of a similar vibration, he suggested the possibility of tha
dangorous phenomom of ress-ensc.

, Brogman and Proskuryakov (7) also cite data on tis. rave vibrations of
8n 100 3over umar moving losds, and think that there mst he some critieal
@peed gbove which tho broakdown of the ice ecver can result, : :

These brief observations have not found any grest response amng.‘
engineors end tulldors who are fimdy corvinced that static leads ar all-
inportant and that tho vibrating processes in an ice sover are of little
imortanco. - .

lowaver, in the cese of rapidly moving loeds, experience cn tbo ladoge
. route hna demonstrated that complications urisze mhich are 0ot ‘considerel
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in the theory based on study of the effect of static loads., The Admimistza-
tion of Ver Rehabilitation Works set us to stidyihg this problem in cormec-
tion with construction of the ladogs Rei’road. A detailed description of
results obtained on ladogs, on the Neva at the Shlissel'vurg Bridge, tnd
on lake Suzdal’ 1s published a gpeclal collection WVR-2 /MAuthority of
the War Rehabilitation Works?/, which desls with all the projects on the
reuto. In thisarticle we cite briefly cnly the min results of our work,

The daformstion of the ice .caver was measured with the ald of the
"deprezsographs" (pogibografy) of the Reynov (10) eystem, which automt-~
ioally noted the movement of the i¢e relative to the hottom of the leke,
The wire, connecting the weight lying on tho bottom with the recording
apraratus set in the freme of the depressograph, went through the non=-
freszing 1o hole {11), which wes & pips f£illed with Iubricating oil. ' The

. lower end of tho plpe extended below the lowsr surfase of the ice. The
series of depressographs was placed both perpendicular and perallel to {he
routss. This rede it posaibls to record the shape of the depression curve
of the ige and also the vibrations of the Zce cover, and to moasure their
corresponding: wavs shavscteristica,

. The experiment of studying the daformation of the ico cover under
various loeds (internal-combustion locomotives, automsbiles, and other
automoblle traveport) moving at a variety of spasds, showed the following:

1. Elssiic deformatlon is observed with loads maving at spesds Irom
5 = 15 kn/tr.  The ice is'dupressed when the mchines are crooeing, and
returns tonormal after the crossing. . S

The shock spread through the ice with the aspeed of movemant of
the vehicles and vanished with practically the same speed, -

‘

Thus, the deformation co..:ists of a curve of depression moving
along the ion owver. In Figure 1, "a" 12 the record of the instrumonts
placed porpendicular to the movoment of the sutcmotiles aad 5 meters apert.
Instrument o 1 was placed directly in the path. :

"-ﬁ

K
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The magnitude of the depression in the case of alow mwerent, for
example, is cio-Maif to tuo-thirds as great as with rurely atatic tests.
- Because of the shurt duration of the load the process of depression does not
roach a staie of elastic amuilibrium dus to the inertis of the displaced
megses of watew, e
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2, Vhen theloadedmchims noved &t SpeedsTol more”than T
there was a wave vibratlon which wes recordsd on apparatus as far as 10
meters eway from the routa.

One of the records of the depsessographs, of an oconsion when the
Joaded automobiles were moving at about 45 km/hr, is shown in Figure 1, b.
Knowing the distance betwesn the tro instruments placed perpsndicular to
the direction of movement and by determining the. time of retardation of
the mxira of the respective curves, 11, was possible to determine the
speed of propagation of the ice wave.

The perioed of vibration vns determined directly fron the graph as
the distsnne betwsen the two maxim or minims. By way of comparing the
mmerous curves st various spaecs of rovement and with different loads, -
hoth tha velocity of the wave "' and its wave langth A tern reasured.

In our experimonts with ice about’ 50 cm thick and a pond about 5 meters
. dsep, .= 200 meters and v = 35 wn/hr, and this velocity did not depend
either the speed of the moving weight or on its magnitude. Vhen the .
- military situation did not permit installstion of even two instruments, the
wave charactaristios were determined by a simplified method, Two holes
pore made in the ice ebout 30 = 50 maters apart, An observer with a stop~
wateh was stationsd at cach hole. : -

. The wibrations of the les cover caused s very noticeable change in
tho lovel of ths vater in the ice holes. ~Both stopwatches wore started ot
tha same time and the times of the minimz and miximm leveis of the water
were moted. This made it possiblo to detormine the time 1t took for the ..
wave to treverse the distance botween the holes and algo the period of -
vibration, Knoming the distence between the holes, it \ms possibls to . '
determine and ™", With very thick ice this mothcd 18 applieabls only ~n oo el
vhan heavy loads sre moved. In the case of spoads of the moving losd which i Ho. .
were less than the volocity of the wave, the latter oussped the automobile,
and the apparatus bogan to register while the automobile wae still epproache . ..
g;,%.n' Fowever, in the case of speads of the moving. ohject greater than 35 Lt

]

the recording of tho wave vibration begen after the automobile hed: i Bt

passad.

. On cynsidering the cauge of the weves in the ica, it can be said at’ R RCE
onoe that they are not acoustio. The velgeity of propaguticy uf 2 sound

vave in 10 mas cbserved in the experiment to be approximately & hurdred

times greater. At the same time +he velooity of propagation of & shock in

opan water was moh less. For example, when the longth of the wave axcoads

the depih of the water H mary times, the voloci.y of the freo vave is deter~.. :
nined by lagrange's equtiont ¥ = EE. , .

In our case when i = 5 meters, v = 25 lm/hr, that is, closc to the
volocity of 35 kn/hr mtich we measured.

This mukes it possible to conjesture that hydrcdynamic waves cause .
the weve in the ice cover. The ice cover itself oxplains the deviation
of the volocity of propagstion of the wave from lagrange's formuila. The
sae cover, duformed uader the influence of tha vater wva vhich was v v iy
d, exorts a pressure {rom ahave on the surface of the water, which
pressure is determined by the mgnitude of the resctior of the deformed
. part of the lce cover.

In order to derive the aWimm expression of the velocity of the
sirgle vave vhich travels under the ice cover, we will procoed fron
elomantary considarations and use the lav of the quantity of rotion end

-3 - _ )
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the impact of forces. We shall cell tho thickne 1201 e Jee "dY, the
haight, of the wve "h", the weighi of a unit 3f volume of the ligutd
Y s ond the coefficlent of olasticity of the 1:s sheet E.

The other deaignations remain the sama,

The firal oxpression\ for the velocity of the sprealing of the wave
under the ice sheet has the form: ‘ :

v e ,
2 gH(l'f'.ﬂ- £d7 . -
‘ \/ '24'_?117 , (1)

Equation (1) 1s the result of tho sssumpiion of the propagation .
- a singls progressive vavel )

If equation (1) is epplied to the conditions of ths axperiment ve
comductod, in vhich nst single weves but o series. of waves were crestes by -
thn moving weight, that is, altornate rising and falling of ‘the lce shest
were successively observed, then the reaults of celeuleting the volocisr )
aocording to ecuation (1) will obwiously be approximste. Equation (1) 412
- ba moat closely descriptive of the velscity of propagatioh of the first

positivo wave of a, saries of:wavos under the ide.cover recordéd by--the .
- apparatus. : : : k Tt

. Aotually, for the first pccitive wave, the dondition of fasvening the '
plate by the edges, which w essumed, will apply in the Joe sover =4 the
front end of the wave and will not apply at tho rear end; that is, the :
bend in the line of deflection will coineide with the end of the positive
wave and with the fransition of it to a negative wava. Therefore, it would
te more accurate in this case to considsr the line of deflection of the
plate with one edge fixed and the othor swinging freely but not having -
freedon of horizomtal moveiment. But since, in this case, the resultant
equation bocomes oxtremely complicated, and conmsidering that for long
‘waves with small amplitudes, this is the condition which determines tho
magnituin of the resction of the ice cover "p", and that for the first
positive wave no substantial corrections havo to b: intwoduced into the - °
fimal results in coleulation, we consider it possible to apply equation (1) .
as well to the obtained experimental data. It 48 not hard to sno that . s
vhen the thicknass of the sheet of ice d = 0, equation (1) bocomes
lagrange's formla.

Finally, as the wave longth A inereases, the velocity of iis prop-
&gation ' decresses, and at the limit when A =os , it becomes equal o
. the volocity of pronagation in open water, inasmuch as the ice cover, not .
veing caformed, sions producing an additional impulss of foree. '

" The theoretical problem of the possiiiiit: that the froe weve will,
after the impact of the water, ovirtake the moviog load still remains to bo
explained. This prohlen is connectod with the computation of the engly
& 5 e% which thy waves are propagatei. The theory of ehip wes glves
dofinite limitu for thuse angles. Irn our exporiments we did not: seasure
the angle of op.ning, Howiver, ve observad mny instances of wavos aver-
talkdng 37368 on Lake ladoga. Vo can only advance a hypothssis hsre. - The
fact is thet 10 contrast with those caesas considered In tho theory »f ship
waves which operato from well streamlined contours, we were dealing with a
contour having a very flat frolit, so that the water reeaived not only
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impulses directed toward the motion of the load at a certain angle, but
also impulses in the direction of the motion. flowever, upon receiving the
~Amoulse,. the water smve :is propag ted furthor “steording o ithe  law of the ©
fres wave with a velocity equal to i

4 2

v:\/mv(lrw 1)

If the epeed of the load o< v, then the wave will travel avay Irom it,
and we will get a system of waves moving ahead of the load. However, wheo
cA>v, the load vwill outrun the wave. In thie oage, however, suatantial dif.
ferences of the phenomena we desoribed from the idealized case of the motion

JiJf & ship are included. .

With slow movament, the greater the spead of the vehiele the smllor is
‘the depression of ice in the path of the machine. However, with rapid motion,
depending on the distance from the machine, the amplitude of the vibration
increasas and cen attain magnitudes greater than the depressions with static
loads, This condition is showm graphically in Figure 1, The same machine
traveled at different speeds. If slow motion produced a large deprassion in ‘
the path, thun in the case of rapid motion vibrations with amplitudes as
great as, or greater thsn, the depression with slow speeds were observed 30
motera amay from the peth. -Processes of interference which ocour far avay
from the automobile zre clearly evidomt in these same graphs, If the curve
of depression near the path has a relativaly simple shape approximating a
sine ourve, then the suporimposition of cme wave upon another, resulting
in a considerahie incivase in amplltude, is clearly apreront at some distance
{ron the wath, . :

The interference of ice waves can be very important when several
machines are in moticn, and are rassing each other in both diractions. In
this case, such somplication of tho amplitudes moy oceur that tho ice breaks.
Insidents of this kind were odsesved on the ladoga route in 1942 and 1943,
Such octurrences becone especially dangsrois whaz the mechinss are traveling
at speeds corresponding to those of the propagation of the ice wmavesz, In
this case even one sutomobiie going across slomo ocan produce reserent -
vibrations in the ice causing it to bresk. All this axplains the accidents,
vhich have taken place on automobile routes, in which an automobile fell
through while large numbers of ovher automobiles were passing, while the
automobiles behind it went around the plece whera it foll through without
experiencing any mishap. : -

Formmla (1) makes 1t posaible to calcula®e the coefficiomt of ciasticity
of the whole fce covar. Ve obtained the valus E = 4000 kg/sq om from our ‘
set of measurements, .

“ie ice cover in the experiments corsisted of a good crystaiiine ice
with a thin layer of snomy ice frozen over it. The snowy sheet, was com-
Pletely puro and very-#0)44 (the sutomobiles did not fall through 1t) and
was betweon 14 and 15 om thick. The tempersture of the aln.during the
experiments wac -6 degrees C, snd the temparature of the ice wes -6 degrees C.

The coofficiont of elasticity thus obtained conformed very wall; on the
whole, with figures which we ususlly obtain Jn celculations. 1In the future,
elsborate experiments to determins the coefficient of elasticity of ice
fields of cifferent composition must be conducted for various ponds and
hydrometgorological conditions. :

. The rether amell values of E comparcd to quantities shieh were
calculated frow the acoustic messuroments of the sarples of ipe is explsinsd

- 5
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primarily by the lack of uniformity . of the.sctwl foo, covors . ux

ke hall not mention hers the results of our experimenits in the study
of 2=hour vibration of ice under the sction of water and wind, or the study
: R of the propertios of an ise cover in Juxtapogition to posts. Thoy are
- disoussed in detail in the above-mentioned compilation.

On the basis of the work done, it is f)osaible to suggest a munber of
practical rvles for the movement of vehicles slong an ice route. )

v T 1. .Avoid speeds closo to the critical valoeity of “the propagation of
. = & the free wave. For our pond, which vas 10 moters deep, these quantities
BRI o ) fluctuated between 30 snd 40 km, . )

Y ‘ 2, 48 much .es possible, maintain the Initial speed, at. 25 };n/hr or :
v . 40 km/hr, . . : -

3. Do not overtoke machinem tmvelingvaheaévof ‘yuu.

VoL . 4s On ice which is not solid, do not cross in a hody, but drive ons .

e ‘ i vehiols at & time at a2 fast pace, which is in any case higher than the .
apeed of propagation of the wave. Ths next mechine con cross only af%er the
lapse of time required for the vibration of the ice to die down. In our
experirants, for example, this timo was 3 minutes.

5. . Even with ice which is sufficiently golid, try to maintain the :
abave~mentioned time interval. SRR Lo ; it

6,  Mith repid perallol movement. of iocads, the distince botwesn them
shovld not be set at lese than 150 to 200 msters. ERR el

7. VWith slow mavemont of Wmavy loads, rarallel movement rey take
place al a distance of 60 to 70 meters. :

8. Particular caution must be exercised mear the shores (ot a
distance of 50 to 70 meters), and mestings or hunching up of tho moving
vehlcles must not be permittoed here. MNegative waves, which froquently
prodwce complex smplitudes, sre observed near the shores. This partially
explains sccldonts involving vehicles on reads located close to the shore.

Remume

1. The deformation of ice under the action of moving loads has
boen studied. - ’

2. ' it has boen demonstreted that at speeds from 5 to 15 kw/hr a ‘
movement. of depression equsl te the speed of movoment of the load is obgerved,

3.  Vith speeds above 20 km/hr, wave vibrations which wero forwed ’ : AR
spread far to the sides of the route. S RSy *]

4e  The Forsation of these vavos vas i;ehted’ to the genefatlbn
the hvdrodynamic waves produced by the movement of depression,

] ‘ 5. A formila has been derived for the velocity of pruragation
. .of the lcv waves &s function of the coefficient of elasticity, tho thickness

“f -

Sanitized Copy Approved for elease 20_1/06/29 - CIA-RDP80-00809A000600200107-2




B Sanitized Copy Approved for Release 2011/06/29 - C-RDO-OOO? 2 i

il

+ of tho. dce cover; and the derth of. tho pond.

6. The veiocity of propagation of the ica vaves (v= 35.}m/}.n:')\,'their -
wave length ( A = 150 mevers), and the cosfficient of elasticity of the ice
cover (E = 44,000 kg/aq cm), have been determined. T

7. The poseibility of resonance, where speed of the noving loads
equls the veloclty of tho propagation of ihe ice waves, has been demon-
gtrated. In these instances, emplitudes large enough to czuse the jce to
break may develop. o ) ) )

. g, Samle rules for the movement of sutemcbiles alovg @ routs ars
- given. ’ : )
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